The minimum number of pulses for reliable amplitude and latency of motor evoked potentials was 21 and 23 in response to neuronavigated single-pulse TMS, respectively. The minimum number of pulses for reliable short-interval intracortical inhibition and intracortical facilitation was 20 and 25, respectively. Navigated transcranial magnetic stimulation might reduce the number of pulses necessary for reliable measurements.
Introduction
A single transcranial magnetic stimulation (TMS) pulse of adequate intensity can induce responses in muscles that receive corticomotor input from the stimulated motor cortical area (Barker et al., 1985) . The action potentials induced by TMS travel along the corticospinal tract and peripheral motor nerve, resulting in muscle responses that can be recorded as motor evoked potentials (MEPs). MEPs are widely used to assess the integrity of the corticospinal and corticobulbar motor pathways in clinical neurophysiology and examine the influence of various interventions and factors (Rossini et al., 2015) . In addition, TMS can be used to investigate inhibitory and facilitatory interactions in the cortex with paired-stimuli based on a conditioning-test paradigm (Rossini et al., 2015) .
A basic parameter to assess TMS-induced MEPs is the cortical motor threshold (CMT) (Groppa et al., 2012) . The CMT is defined as the minimal intensity of motor cortex stimulation required to elicit a reliable MEP of minimal amplitude in the target muscle. Two kinds of CMT have been used to study TMS-induced MEPs. One is the resting motor threshold (RMT), assessed with the target muscle at rest, and the other is the active motor threshold (AMT), assessed during a slight tonic contraction of the target muscle (Groppa et al., 2012) . Different procedures for determining the CMT have been described and can be used depending on the setting and the available technical support (Rossini et al., 2015) . In addition, the amplitude and latency of MEPs have been used to assess corticomotor reactivity and conduction (Rossini and Rossi, 2007) . However, these parameters show substantial variability and dependence on many technical factors. MEPs with the largest amplitude and shortest latency in a run of 5-6 consecutive MEPs can provide a good estimate of optimal corticomotor conduction in the clinical setting (Groppa et al., 2012) . Others have advocated the use of average metrics of a block of MEPs (Jung et al., 2010; Kim et al., 2006; Vernet et al., 2014; Ziemann et al., 2001) . In this approach, using a larger number of TMS pulses, while more accurate, requires more time for assessment. It also has been suggested that neuronavigation might increase the consistency of MEPs (Bashir et al., 2011; Gugino et al., 2001) . However, there is no current consensus about the number of TMS pulses necessary to achieve reliable MEPs measurements.
The objective of the present study was to evaluate the optimal number of pulses to achieve reliable MEP parameters in neuronavigated TMS studies across a variety of common neurophysiological measurements in order to provide guidance for the design of experimental protocols.
Methods

Participants
For the present retrospective study, we used data obtained from various protocols that measured MEPs induced by neuronavigated TMS to assess corticomotor reactivity, corticospinal conduction and long-term potentiation-like plasticity in healthy participants. In all those studies, the motor hotspot had been identified as the scalp location of the TMS coil that evoked MEPs of greatest amplitude (consistent Rossini et al., 2015) , but then the identified location had been marked on the individual's MRI and neuronavigation (eXimia 3.1, Nexstim Ltd., Helsinki, Finland) used to identify and consistently target the hotspot across stimulation trials.
For the present analysis we included data from a total of 54 healthy participants (30 men, mean age 61.7 ± 13.1 years). Their baseline characteristics are summarized in Table 1 . The local institutional review board had approved all the trials at which data were collected, as well as this retrospective combined analysis. All participants provided written informed consent.
Inclusion criteria for the present study were: (1) healthy participants (as evidenced by a medical examination of general health, neurologic and cognitive function); (2) age greater than 18 years.
Exclusion criteria for the present study were: (1) clinical evidence or suspicion of vascular disease including cardiovascular disease, peripheral vascular disease, stroke, or microvascular disease; (2) current or history of any neurological disorder affecting cognitive function, including dementia, epilepsy, stroke, brain lesions, or multiple sclerosis; (3) history of neurosurgical procedures or head trauma that resulted in neurological impairment; (4) current or history of major depression, bipolar or psychotic disorders, or any other major psychiatric condition; and (5) any ongoing medications with known TMS contraindications. In addition, at all source study protocols, participants with any risk factors or contraindications to TMS as per current recommendations endorsed by the International Federation of Clinical Neurophysiology (IFCN) (Rossi et al., 2009; Rossini et al., 2015) had been excluded.
Source data
In the experiments generating the source data, the following TMS methodologies and experimental protocol were used:
Experimental set-up
For single and paired-pulse stimulation, a Magstim Super Rapid Stimulator (Magstim Ltd., Withland, Wales, UK) was used to deliver biphasic pulses with current flowing in the brain in an antero-posterior and then a postero-anterior (AP-PA) direction. For intermittent theta burst stimulation (iTBS), a MagPro Stimulator (MagVenture A/S, Farum, Denmark) was used to deliver biphasic pulses with current flowing in AP-PA direction. An infraredbased MRI-guided navigation system (Nexstim Ltd., Helsinki, Finland) was used to ensure that the same cortical location was targeted in each study. During stimulation, surface electromyography (EMG) was recorded and monitored continuously online. Active electrodes were attached to the skin overlying the belly of first dorsal interosseous (FDI) muscle. A reference electrode was placed over the metacarpophalangeal joint. A ground electrode was placed over either the ulnar styloid process or the ipsilateral forearm. The EMG signals were filtered (8-500 Hz), amplified, displayed, and stored for off-line analysis. The TMS system delivered triggered pulses that synchronized the TMS and EMG systems. The participants were also monitored for drowsiness and asked to keep their eyes open throughout the experiment. Relaxation of the measured muscle was controlled by continuous visual EMG monitoring.
Single-pulse TMS
Each participant was seated in a comfortable chair with a headrest, elbows positioned at approximately 90°, and hands resting on a pillow on his or her lap. The optimal scalp location for activation of the FDI in the dominant hand was determined as the location at which TMS consistently elicited MEPs of maximum peak-to-peak amplitude. Once the optimal location was identified, a marker was placed in the individual participant's MRI using the navigation system. This allowed the TMS coil to be placed systematically in 53.9 ± 13.0 (31-83) Active motor threshold (%, mean ± SD, range) 44.7 ± 8.9 (29-63) the same location and with the same orientation and tilt in each session.
CMT was determined according to the recommendations of the International Federation for Clinical Neurophysiology (Groppa et al., 2012) . RMT was defined as the lowest stimulus intensity capable of inducing MEPs P50 lV peak-to-peak amplitude in at least five of 10 consecutive trials. EMG monitoring was used to assure that the target muscle was at rest. Finally, 30 consecutive TMS pulses were administered every 5-6 s (random jitter) at 120% of RMT in order to determine the amplitude and latency of MEPs.
Paired-pulse TMS
Paired-pulse paradigms following the protocol introduced by Kujirai et al. (1993) were recorded at two inter-stimulus intervals: 3 ms to assess short-interval intracortical inhibition (sICI) and 12 ms to assess intracortical facilitation (ICF). The conditioning stimulus was applied at an intensity of 80% of RMT, while the test-stimulus intensity was set at 120% of RMT; these intensities were maintained in all paired-pulse TMS trials. For each sICI and ICF measure, 30 consecutive paired-pulse TMS pulses were administered every 5-6 s (random jitter).
TMS after iTBS
Prior to iTBS, AMT was determined, using the same MagPro Stimulator, as the minimum single-pulse TMS intensity required to produce MEPs P200 lV in at least five of 10 consecutive trials while participants contracted the target muscle (FDI in dominant hand) at approximately 20% of the maximal voluntary contraction (Vernet et al., 2014) . The iTBS protocol was applied about 3-5 min after the end of the AMT measurement procedures; the relaxation of hand muscles was monitored continuously by the experimenters during and after the stimulation. iTBS was applied using parameters similar to those used by Huang et al. (2005) : bursts of three pulses at 50 Hz repeated at intervals of 200 ms for a total of 2 s (one train); each train was repeated every 10 s for 20 instances, for a total of 600 stimuli. The intensity was fixed at 80% of AMT. MEPs were then measured using the same method of applying single-pulse TMS at 5 min after iTBS in order to assess changes in amplitude and latency.
Data and statistical analysis
To determine the amplitude of MEPs, continuous EMG was sampled in epochs starting 50-100 ms before a TMS pulse and ending 300-400 ms after. MEPs were analyzed using MegaWin (Mega Electronics Ltd, Kuopio, Finland) or Scope software (ADInstruments, Colorado Springs, USA). The latencies and peak-to-peak amplitudes were assessed automatically. SPSS version 21.0 (IBM SPSS, Chicago, IL, USA) was used for statistical analyses. Before conducting statistical analyses to determine optimal number of pulses to achieve reliable MEP parameters, we assessed the stability of MEP parameters by comparing the mean parameters of the first, second, and third sets of ten MEPs using repeated-measures analysis of variance (ANOVA). All measurements of 30 consecutive TMS pulses were included in the analysis irrespective of whether a proper response was elicited or not. Two different statistical methods were used: internalconsistency analysis and probability of inclusion in the 95% confidence interval (CI) (Cuypers et al., 2014) . For each participant, the average parameter was calculated for subsets of consecutive stimuli. For internal-consistency analysis, an average of 30 TMS pulses was defined to be the true value. The analysis for each parameter was then conducted between the average of the experimental number of pulses and the average of 30 TMS pulses. Excellent internal consistency was defined as more than 0.990 of Cronbach's alpha (Kline, 2000) . The probability of inclusion in the 95% CI was applied to acquire a reliable estimate of MEPs using single-pulse TMS as applied by Cuypers et al. (2014) . A 95% CI was calculated using all 30 stimuli for each participant. Using both these statistical analyses, it was determined whether the average value was included in the CI, yielding a binary variable (0 = not included in the CI, 1 = included in the CI). A p-value < 0.05 was considered to be statistically significant.
Results
Stability of parameters
There was no difference in the stability across the baseline single-pulse TMS, paired-pulse TMS and the single-pulse measures after iTBS (Table 2) . Values are mean ± SD. Values are the minimum number of pulses. sICI, short interval intracortical inhibition; ICF, intracortical facilitation; iTBS, intermittent theta burst stimulation.
Single-pulse TMS
Using the internal consistency analysis, the minimum number of pulses needed to achieve excellent reliability of amplitude and latency of MEPs was 18 and 22, respectively (Table 3, Fig. 1A ). With the exploratory data analysis of the probability of inclusion in the 95% CI, at least 21 and 23 consecutive stimuli were required to reach a probability of 100.0% in amplitude and latency of MEPs, respectively (Table 4 , Fig. 2A ). Supplementary Table S1 shows Cronbach's alpha and probability for each number of consecutive stimuli in single-pulse TMS.
Paired-pulse TMS
The data of 48 participants was analyzed, as paired-pulse TMS measures were not available in six of the 54 healthy participants. Using the internal consistency analysis, the minimum number of pulses needed to achieve excellent reliability of the sICI and the ICF was found to be 20 and 23, respectively (Table 3 , Fig. 1B) . With the exploratory data analysis of the probability of inclusion in the 95% CI, at least 18 and 25 consecutive pulses were required to reach a probability of 100.0% in the sICI and the ICF, respectively (Table 4 , Fig. 2B ). Supplementary Table S2 shows Cronbach's alpha and probability for each number of consecutive stimuli in pairedpulse TMS.
TMS after iTBS
The data of 52 healthy participants was analyzed, as iTBS was not available for two of the 54 participants. Using the internal consistency analysis, the minimum number of pulses needed to achieve excellent reliability of the amplitude and the latency of MEPs after iTBS was found to be 14 and 23, respectively (Table 3 , Fig. 1C ). With the exploratory data analysis of the probability of inclusion in the 95% CI, at least 22 and 16 consecutive pulses were required to reach a probability of 100.0% in the amplitude and the latency of MEPs after iTBS, respectively (Table 4 , Fig. 2C ). Supplementary Table S3 shows Cronbach's alpha and probability for each number of consecutive pulses after iTBS.
Discussion
The primary objective of this study was to determine the optimal number of TMS pulses necessary for reliable MEP measurements in an effort to help design experimental protocols for assessment of the functional state of the corticospinal pathway. Two kinds of analyses were applied on data obtained using consistent methodology in prior studies: an internal consistency analysis and the probability of inclusion in the 95% CI around the mean MEP amplitude. Combining both methods, this study conservatively recommends that the minimum number of pulses needed to achieve reliable MEP parameters in neuronavigated TMS protocols be 21, 23, 20, and 25 for amplitude, latency of MEPs, sICI, and ICF, respectively. As often all these outcome measures are collected and analyzed as part of the same experimental protocol, we would recommend that a minimum 25 trials be collected ensure consistent results whilst making protocols easier to implement by having consistent number of trials.
Previous studies have shown that the amplitude of MEPs is highly variable within participants (Darling et al., 2006; Jung et al., 2010; Kiers et al., 1993) . The oscillation of the graphs before reaching the required threshold reflects the high variability of MEPs parameters. Previous studies have used between five and 30 consecutive TMS pulses to assess cortical excitability with single-pulse TMS-induced MEPs (Jung et al., 2010; Kim et al., 2006; Vernet et al., 2014; Ziemann et al., 2001 ). Several TMS measures, other than single-pulse TMS-induced MEPs, have been used to assess the functional state of the cortical pathway (Rossini and Rossi, 2007) . Inhibitory and facilitatory interactions in the cortex can be studied with the widely used paired-pulse TMS, combining a subthreshold conditioning stimulus with a suprathreshold test stimulus at different, short (1-20 ms) inter-stimulus intervals through the same TMS coil (Kobayashi and Pascual-Leone, 2003; Kujirai et al., 1993) . sICI reflects a GABA-mediated corticocortical inhibition, and ICF is assumed to reflect a glutamatergicmediated corticocortical facilitation (Rossini and Rossi, 2007) . These different measures allow for a comprehensive evaluation of the functional state of the corticospinal pathway in both physiologic and pathologic conditions (Kobayashi and Pascual-Leone, 2003; Rossini and Rossi, 2007) . Because TMS measurements can be influenced by the previous pulse, the frequency of consecutive TMS pulses is recommended to be less than 0.2 Hz to avoid carryover effects (Groppa et al., 2012) . For this reason, if single-pulse Fig. 1 . Results of internal consistency analysis. TMS, transcranial magnetic stimulation; iTBS, intermittent theta burst stimulation. Values are the minimum number of pulses. CI, confidence interval; sICI, short interval intracortical inhibition; ICF, intracortical facilitation; iTBS, intermittent theta burst stimulation.
and paired-pulse TMS are applied over both motor cortices with 30 consecutive pulses, the study protocol typically takes more than 20 min to complete. It has been suggested that the use of neuronavigation decreases the variability of MEPs, thus resulting in fewer number of pulses needed to achieve reliable results while decreasing the duration of a study protocol (Bashir et al., 2011; Gugino et al., 2001) . The parameters of TMS-induced MEPs might vary during consecutive TMS pulses due to numerous reasons (Darling et al., 2006; Kiers et al., 1993) . For example, the interval between TMS pulses could influence the corticospinal excitability. In light of evidence suggesting that rTMS at frequencies <0.9 Hz has no lasting effect on MEP amplitude in the hand area (Fitzgerald et al., 2006; Ziemann et al., 2008) , we chose to deliver TMS pulses every 5-6 s, to minimize train effects. In addition, we jittered the interval between TMS pulses in order to avoid train effects. Finally, we compared the values of the first, second, and third sets of ten pulses for each parameter to assess the possibility consistent changes over the course of the collection block. There was no significant variation in any of the MEP parameters during 30 consecutive TMS pulses in this study. These results indicate that the MEP parameters were relatively stable during the 30 consecutive pulses.
The previously recommended optimal number of pulses needed to obtain the most reliable amplitude of single-pulse TMS-induced MEPs is 30 consecutive stimuli (Cuypers et al., 2014) . Recently, Goldsworthy et al. (2016) also reported that, without neuronavigation, 29 trials were necessary to reach a probability of 1 for inclusion of the estimates of MEP amplitude in the 95% CI of all trials.
Results of the present study show that the minimum number of pulses needed to achieve a reliable amplitude of single-pulse TMS-induced MEPs when employing neuronavigation can be reduced to 21, thus requiring 30% less pulses than that found in the previous study. A study comparing non-navigated and MRIguided navigated TMS reported that MRI-guided navigated TMS resulted in significantly lower MEP variability (Julkunen et al., 2009 ). In addition, Bashir et al. (2011) reported that navigated repetitive TMS (rTMS) leads to more robust modulation of physiological and behavioral effects compared with non-navigated rTMS. In the present study, a navigation system was used to ensure the consistency of the stimulated cortical location during TMS procedures. While the present study did not directly compare navigated and non-navigated TMS, the results suggest that navigated TMS reduces the time needed for TMS procedures by as much as 30% compared to non-navigated TMS (Cuypers et al., 2014) .
The minimum number of pulses required to achieve reliable parameters after iTBS was similar to the baseline of single-pulse TMS-induced MEPs. These results indicate that there was no definitive fluctuation of TMS-induced MEPs parameters between trials, in spite of the large variability in responses to noninvasive brain stimulation (Wassermann, 2002; Wiethoff et al., 2014) . The physiology of MEP amplitude variability remains unclear, but experimental fluctuations in TMS-inducedMEP parameters may be caused by rapid fluctuating changes in corticospinal excitability (Ellaway et al., 1998; Funase et al., 1999) and further work is needed to investigate this issue.
All the MEPs analyzed in the present study were triggered by TMS pulses at 120% of RMT. It is plausible that other stimulation intensities (e.g., 110% or 150% of RMT) might affect the optimal number of pulses. Systematic studies are required to study the effect of stimulation intensity on the optimal number of pulses for various TMS protocols. In addition, even though we analyzed MEPs that were recorded according to the current recommended guidelines (Groppa et al., 2012) , hardware limitation and variability across equipment (including TMS and EMG systems) should be considered before generalizing the present results. Nonetheless, our findings provide guidance for studies employing iTBS protocols to characterize the efficacy of the mechanisms of cortical plasticity (Silvanto and Pascual-Leone, 2008) . Future studies using real-time integration of TMS with electroencephalography may provide further insights into the source of corticomotor variability.
It is worth noting that the analyzed data included all measurements of 30 consecutive TMS pulses, irrespective of whether of a proper response was elicited or not. Therefore, trials with no response were also included in the calculation of the average estimate in this study. If only the TMS pulses that elicited proper responses were included in the analysis, the optimal number of pulses might be further reduced. However, as mentioned before, electrophysiology measures such as MEPs from TMS are prone to variability from many sources. In the present study, we were interested in capturing and assessing the variability responses that were realistic in terms of the data collected across different research studies. In addition, by doing so, it is likely that we minimized bias introduced by the influence of selective decisionmaking by an experimenter.
